A mutant of Bacillus subtilis 168 lacking aconitase (EC 4.2.1.3) was found to be blocked at stage 0 or I of sporulation. Although adenosine triphosphate levels, which normally decrease in tricarboxylic acid cycle mutants at the completion of exponential growth, could be maintained at higher levels by feeding metabolizable carbon sources, this did not permit the cells to progress further into the sporulation sequence. When post-exponential-phase cells of mutants blocked in the first half of the tricarboxylic acid cycle were resuspended with an energy source in culture fluid from post-exponential-phase wild-type B. subtilis or Escherichia coli, good sporulation occurred. The spores produced retained the mutant genotype and were heat stable but lost refractility and heat stability several hours after their production.
Several catabolic enzymes and secondary metabolites have been implicated in sporogenesis because they appear shortly after the end of exponential growth. Mutants lacking the ability to produce these products are asporogenic and pleiotropically defective for other sporulation-related biochemical events (1, 15) . There is no good evidence that any of these products is indispensable to sporulation (7) . A relationship between the tricarboxylic acid cycle and sporulation was first detected in a mutant of Bacillus subtilis lacking aconitase (6) . Tricarboxylic acid cycle mutants have previously been selected by examining the metabolism of asporogenic or oligosporogenic isolates (3) and by other indirect methods. This process, however, precluded the isolation of sporogenic strains lacking tricarboxylic acid cycle activity, if they existed. Recently a method was described which allowed the direct isolation of tricarboxylic acid cycle mutants (2) . Mutants obtained by this selection process were shown to be oligosporogenic or sporogenic. However, the frequencies of sporulation, which varied widely, did not bear any correlation to the site of the mutation (2) .
The actual function(s) of the tricarboxylic acid cycle in sporulation remains unknown. The removal of inhibitory metabolic intermediates by tricarboxylic acid cycle activity has been postulated but not tested (5 (ATP) and reduced nicotinamide adenine dinucleotide (NADH) is a possibility which has received some attention. B. subtilis mutants lacking enzymes of the pyruvate dehydrogenase complex were found to have low levels of NADH at the completion of exponential growth, but, when these levels were increased by the addition of glucose, the cells still failed to sporulate (4) . Similarly, ATP levels decreased dramatically in some tricarboxylic acid cycle mutants after the completion of logarithmic growth, but, when these levels were increased by feeding a variety of metabolizable compounds, sporulation was not enhanced (5) .
We have used oligosporogenic B. subtilis mutants isolated on the basis of a lack of tricarboxylic acid cycle activity to investigate some of the cytological and biochemical effects of the lesions. We were particularly interested in determining the stage of sporulation at which tricarboxylic acid cycle mutants were blocked and in determining whether the provision of additional energy sources after completion of growth would allow cytological development short of complete sporogenesis. The mutant investigated cytologically was shown to be blocked at stage 0 or I of sporulation. Development was not stimulated by maintenance of high ATP levels. However, maintenance of high ATP levels combined with resuspension of mutant cells in culture fluid from wild-type cultures resulted in good sporulation in mutants of the first half of the tricarboxylic acid cycle. (12) . ATP assay. ATP was extracted from cells by the formic acid-ethylenediaminetetraacetic acid method described by Klofat et al. (11) . Extracts were frozen or refrigerated until assay. Immediately before assay, 1.0 ml of extract was neutralized by addition of 0.4 ml of 0.46 M NaOH and 0.1 ml of 0.2 M morpholinopropane sulfonic acid (MOPS) buffer (pH 8.0). For assay, a 0.01-ml of sample was injected into 0.1 ml of DuPont ATP assay reagent (rehydratable mixture of MOPS buffer, MgSO4, luciferin, and luciferase) purchased from the DuPont Co., Wilmington, Del. The maximum intensity of the resultant light flash was measured in a DuPont 760 Luminescence Biometer (DuPont Instrument Products Division, Wilmington, Del.) previously calibrated with disodium ATP * 4H2O (Sigma Chemical Co.) to allow direct readout of femtograms of disodium ATP-4H2O per ml of neutralized reaction mixture.
Electron microscopy. Samples (30 ml) were removed from flasks at appropriate times and fixed by the method of Kellenberger et al. (10) . After dehydration in ethanol, the cells were embedded in Epon 812 and sectioned on a Porter-Blum MT-2 ultramicrotome. Before examination in a Zeiss EM9A electron microscope, the sections were stained for 3 min with 2% uranyl acetate and for 5 min with alkaline lead citrate (14) .
RESULTS
Production of ATP by wild type and tricarboxylic acid cycle mutants. Klofat et al. (11) showed that in contrast to the relatively constant ATP levels of a wild-type strain of B. subtilis, mutants lacking tricarboxylic acid cycle activity suffer a decrease in ATP content after completion of exponential growth. This was presumably due to exhaustion of compounds metabolizable by glycolysis. Levels of ATP could be transiently elevated by feeding compounds past the site of the mutation in the tricarboxylic acid cycle. We have investigated this phenomenon in the Marburg strain of B. subtilis by growing wild type and tricarboxylic acid cycle mutants in NSM broth, extracting ATP by the method of Klofat et al. (11), and determining the ATP content of the extract with a luciferin-luciferase assay system. Figure 1 shows that although the yield of mutant lAll, lacking aconitase, is less than the wild type, 168, the ATP content of the cells was roughly equivalent for about the first 6 hr. At that time the ATP content of mutant cells decreased greatly and remained low throughout the time during which the wild type was sporulating. The particular mutant, lAll, used in this experiment had an S/V (spore to total cell) ratio of <10-7, in contrast to the wild-type ratio of about 5 x 10-1. Measurements of ATP levels were also made on another mutant, 1A19, which lacked aconitase Cytological changes in wild-type and aconitaseless cells. Asporogeny in bacilli has frequently been shown to be associated with the attainment of a particular stage in the sporulation process short of complete spore development. In the case of tricarboxylic acid cycle mutants, the stage at which sporogenesis is blocked has not been identified. Although it was clear from a previous study (5) and from this work that increases in the ATP content of tricarboxylic acid cycle mutants did not permit a normal fraction of the population to complete sporulation, it was possible that progress to some later stage of sporulation might be allowed by maintenance of the ATP pools during the stationary phase of growth.
B. subtilis 168 and lAll (aconitase-) were grown in NSM broth, and samples were taken at intervals for sectioning and examination of spore development. A third flask containing lAll was supplemented at 6 hr with 50 mM glutamate to increase the cellular ATP level. In Fig. 4a through d are stages in the development of spores in cells of B. subtilis 168. At 6 hr, cells were found at stages I and II (Fig. 4a) . At 8 hr, those cells which had begun sporulation were mainly at stages III (Fig. 4b) and IV (Fig. 4c) . By 10 hr, a few refractile spores were seen, and most sporulating cells had attained stage V (Fig. 4d) , or beyond. In contrast to the normal sporulation observed in B. subtilis 168, cells of lAll (aconitase-) at 6 hr showed no sign of sporulation (Fig. 4e) , although logarithmic growth had been completed. At this time the glutamate supplement was added to one of the two cultures of B. subtilis lAll. At 8 hr, most cells still appeared vegetative although a few appeared to have achieved the axial chromatin state associated with stage I (Fig. 4f) . In others, the DNA appeared to be dispersed throughout the cell. Cells which had been supplemented with glutamate did not appear significantly different from unsupplemented cells (Fig. 4g) . At 10 hr some lysis was observed, and the nuclear material in several cells had reached an axial configuration (Fig.  4h) . The glutamate-supplemented cells appeared no different from the unsupplemented cells (Fig. 4i) .
From these observations it is clear that not only did increasing the ATP content of the cells not effect a complete cure of the sporulation deficiency of the mutant, but it also did not allow the majority of the cells to progress to some later stage of sporulation.
Sporulation by resuspended tricarboxylic acid cycle mutants. Because of the failure of increased ATP levels to allow normal sporula- tion or even advance the stage of spore development in most of the cell population, it appeared more likely that sporulation was arrested by the presence of an inhibitory substance(s) in the medium. This inhibitory material might be a metabolite produced by the cells during logarithmic growth and not removed because of the lesion in the tricarboxylic acid cycle, or it might be a normal component of the medium not metabolized because of the lesion. In either case, the wild-type organism would be able to remove this substance since it sporulates well in NSM. To test this hypothesis, B. subtilis lAll (aconitase-) was grown in NSM to 2 hr past the end of logarithmic growth (t2), and the cells were harvested aseptically by centrifugation. These cells were then resuspended in autoclaved, spent NSM broth from which B. subtilis 168 had been removed at 2 hr past the end of logarithmic growth (t2). At this time B. subtilis 168 should have had the opportunity to metabolize, via its tricarboxylic acid cycle, any potential inhibitor in the medium. The experiment was conducted in two flasks, one of which received, in addition to resuspended B. subtilis lAll a Cells were grown in 50 ml of NSM in a 500-ml flask shaken at 37 C. Seven hours after inoculation, cells were removed by centrifugation and resuspended in spent NSM from a culture of B. subtilis 168 (see text). A 10-ml amount was placed in a 125-ml flask with 0.1 ml of potassium gluconate (8 subtilis lAll. Fresh medium may still contain or allow production by the mutant of the postulated inhibitor of sporulation.
Resuspension sporulation is not restricted to spent NSM broth. Spent antibiotic medium 3 (Penassay Broth, Difco) worked equally well. However, tryptone phosphate broth (Difco), which did not allow sporulation by B. subtilis 168, also did not allow resuspension sporulation by B. subtilis lAll (aconitase-). The reason for this is unknown but may be related to the high soluble-protein content of this medium.
Effect of various supplements upon sporulation after resuspension. Because the addition of gluconate markedly increased the sporulation frequency of resuspended cells, a number of other compounds were tested to determine their ability to stimulate sporulation after resuspension in spent broth. Of the carbon compounds listed in Table 3 , only acetate and malate failed to stimulate sporulation. This is understandable in the case of acetate, since the block at aconitase prevented its metabolism to yield either ATP or reduced pyridine nucleotides. The failure of malate to have an effect may be explained by the lag in its ability to generate ATP when added to postlog-phase cells as shown in Fig. 3 . Supplementation of spent broth with a salts mixture equivalent in concentration to those present in fresh NSM not only did not lead to increased sporulation but also resulted in very rapid lysis of most of the cells.
Lack of aconitase in resuspended cells. Although the lAll mutant lacked aconitase when tested in various ways (2) and the spores formed by resuspended cells produced the typical yellow color when streaked on purification agar (2) , it was possible that the enzyme appeared after resuspension and allowed normal citric acid cycle activity and thus sporulation. This possibility was eliminated by direct assay of aconitase in extracts of B. subtilis lAll 3 hr after resuspension in spent NSM with 8 mm gluconate. The extracts showed no detectable aconitase activity at that time, which was about 3 hr before the appearance of refractile spores. Cells of B. subtilis lAll that were not resuspended in spent medium had no detectable activity (less than 0.01 units per mg of protein), and the parent, B. subtilis 168, of the same age had a specific activity of 0.125. aCells were grown in 200 ml of NSM in a 2-liter flask shaken at 37 C. One hour after the completion of growth, cells were removed by centrifugation and resuspended to the original volume in spent NSM. Resuspended cells (9 ml) were placed in 125-ml flasks with 1 ml of supplement or water, and the cultures were incubated on a rotary shaker at 37 C.
S/V refers to spore-to-total cell ratio. cThe metal mix supplement was added to give a final concentration of 7 x 10-I M CaCl2, 1 mm MgCl2, and 50 uM Nature of the spent broth. Instead of, or in addition to, removing mutant cells from a medium containing an inhibitor, resuspension sporulation may also have resulted from the presence of a stimulator of sporulation in the spent broth from wild-type cultures. Evidence against but not excluding this possibility came from two experiments. In the first of these, spent NSM was concentrated 17 x under vacuum and added with 8 x 10-3 M gluconate at t, to B. subtilis lAll grown in NSM. No improvement in sporulation was observed (Table 3) . Also, spent NSM broth prepared by growing E. coli to the end of logarithmic growth was suitable for good sporulation of B. subtilis lAll in resuspension culture. A specific sporulation effector would not be expected to be produced by a nonsporulating organism.
Resuspension of other tricarboxylic acid cycle mutants. Although mutants of B. subtilis lAll (aconitase-) and 2A2 (isocitric dehydrogenase-) sporulated well upon resuspension in spent broth with an energy source, mutants from the second half of the tricarboxylic acid cycle did not perform as well. The ATP content of cells of B. subtilis mutants 1A8 and 1A18 lacking fumarase (EC 4.2.1.2) and succinic dehydrogenase (EC 1.3.99.1), respectively, when grown in NSM is presented in Fig. 5 . A steady decline in ATP content was observed throughout growth, with the exception of an unexplained increase at about 5 hr in the cells of B. subtilis lA18. When cells were removed from the main flask to a flask supplemented with gluconate at 9 hr, marked and prolonged increases in ATP levels resulted. As in the case of the aconitase mutant, sporulation was not cured by this treatment.
When post-exponential-phase cells of B. subtilis 1A8 and 1A18 were removed from their growth medium and resuspended in spent NSM with gluconate, these cells did not sporulate. Substitution of several other energy sources for gluconate did not allow sporulation.
DISCUSSION
The inability of mutants in the first half of the tricarboxylic acid cycle to sporulate at normal frequencies is the result of at least two and possibly more deficiencies. The first of these deficiencies is the inability to remove from the growth medium some substance(s) present as a medium ingredient or produced via cellular metabolism which inhibits the initiation of sporulation in the majority of mutant cells. The data presented do not allow us to determine whether the inhibitor is produced (a) and 1A18 (succinic dehydrogenase-) (0) grown in 50 ml of NSM broth in a 500-ml flask at 37 C. At 9 hr, 10 ml was removed to a 125-ml flask containing an 8 mm gluconate supplement. ATP levels in the supplemented flasks are indicated by * (1A8) and 0 (lA18). Optical density (OD) was measured at 525 nm in a 1-cm cuvette; 1.0 OD unit is equivalent to 400 mg of dry cell weight per liter.
by growth of the mutant or is present in the medium and removed by metabolism of the sporogenic strain. If an accumulated metabolite is the inhibitor, then any of several tricarboxylic acid cycle intermediates must be effective, since mutants blocked at different sites in the cycle accumulate different intermediates. The inability of mutant cells to sporulate when resuspended before the completion of logarithmic growth indicates that a type of commitment must occur in the growth medium that cannot occur later in the resuspension system.
The second deficiency of these mutants is the inability to produce ATP required for the biosynthetic reactions of sporogenesis. The production of ATP and perhaps reduced pyridine nucleotides is a necessary but not sufficient condition to allow mutant cells to complete sporulation.
The electron microscope study showed that supplementation of the growth medium with metabolizable compounds did not allow development of the mutant cells to later stages of sporulation. Thin sections have shown that both unsupplemented and supplemented mutant cells are blocked at stage 0 or at stage I of spore development. In no case was formation of a forespore septum observed. If the early events in spore formation were modified forms of cell division as suggested by Hitchins and VOL. 109, 1972 YOUSTEN A Slepecky (9), then inhibition of axial chromatin or forespore septum formation by a medium component that does not inhibit DNA replication or division septum formation in vegetative cells would be difficult to explain. The changes in sporulating cells between the last normal cell division and the formation of the axial chromatin filament and the nature of this filament are not well known. Perhaps the round of DNA replication preceding sporulation is sensitive to materials to which normal replication is not sensitive. Since there is evidence (8, 16 ) that cell division does not proceed in the absence of complete DNA replication, it is possible that interference with proper axial chromatin formation precludes formation of the forespore septum or later events in sporulation.
The inability of mutants blocked in the second half of the tricarboxylic acid cycle to sporulate in resuspension culture cannot presently be explained.
The instability of the spores formed by mutants in the first half of the cycle when placed in resuspension culture is of considerable interest. Although these spores have normal heat stability shortly after their formation, they soon lose refractility and heat stability. Spores of B. subtilis contain about 1% of their dry weight as free glutamic acid (13) . This compound is not synthesized by these mutants because of the block in the first half of the tricarboxylic acid cycle. We do not know the level of the glutamic acid pool in unstable mutant spores, but if it proves to be abnormally low, this may suggest that free glutamic acid is involved in maintaining dormancy in spores.
A major point of this study is that the oligosporogenic nature of some tricarboxylic acid cycle mutants is nutritionally curable. This finding may extend to other early-stage sporulation-related events (7) .
